Guest-induced symmetry lowering of an ionic clathrate material for carbon capture CO 2 gas stabilizes a particular ionic clathrate hydrate structure that allows the most effi cient incorporation of CO 2 molecules. The structure was characterized by a set of methods, including single crystal X-ray diffraction, NMR, and MD simulations.
Gas capture by guest-host compounds is a technology which has a possibility to mitigate a specific gas from a gas mixture with low energy consumption and not accompanied by an irreversible chemical reaction. 1 Ionic clathrate hydrates are a class of guest-host materials in which large ionic guest species, primarily substituted ammonium or phosphonium salts, are incorporated into a solid ice-like hydrogen-bonded water framework. 2 They are generally formed from aqueous solutions, and have higher melting temperatures than ice, which makes these materials suitable for applications such as cool-energy storage and gas separation/storage. [3] [4] [5] [6] The interest in ionic clathrate hydrates lies in the fact that the small dodecahedral (D) water cages formed in the lattice are available for occupancy by small gas-phase guest species, e.g., CO 2 , CH 4 and H 2 , generally under milder conditions as compared to the pure small-guest canonical clathrate hydrates. The tetra-n-butylammonium bromide (TBAB) + CO 2 hydrate has been a very popular system for investigation and there have been a number of reports on the modeling of the TBAB + CO 2 hydrate. 7 However, the work reported here reinforces the need to have good structural information as the currently available models for the ionic hydrates depend on a number of unfounded assumptions.
For example, at a CO 2 gas pressure of 4 MPa, the TBAB ionic hydrate, encapsulating CO 2 guests, is formed at 291 K which is B10 K higher than the temperature needed to synthesize the pure CO 2 clathrate hydrate at the same pressure. 4 In the canonical clathrate hydrates, several guest-induced modifications of the host water framework have been reported. 8 Such host-framework rearrangements in the presence of a gaseous guest allow the most efficient incorporation of the guest in the resulting structure. The occupancy of CO 2 as a guest substance in hydrate cages is affected by guest-host and/or guest-guest interactions, 9,10 however, a lattice structural transition induced by CO 2 has not been reported. Herein, we report a new CO 2 -driven ionic clathrate-hydrate structure transformation which leads to efficient CO 2 encapsulation. To see how the guest gas molecules stabilize/destabilize the ionic clathrate hydrate, we performed single crystal X-ray diffraction (SCXRD) measurements at 100 K on the TBAB + CO 2 ionic clathrate hydrate. The crystals were synthesized from an aqueous TBAB solution with mole fraction x TBAB = 0.0064 under CO 2 pressure P = 1.08 MPa at temperature T = 282.65 K. The experimental details and a figure of the crystal structure are given in the ESI. † The crystallographic information is summarized in the footnote. ‡ The TBA cation is encapsulated in super cages derived from four of the large canonical clathrate cages, and Br À replaces water molecules in the lattice. 2 Unexpectedly, in the presence of CO 2 , only the orthorhombic Imma crystal structure was found, whereas the TBAB hydrate formed without a guest gas has the tetragonal (TBABÁ26H 2 O) and orthorhombic (TBABÁ38H 2 O) phases as the most stable phases, with yet other phases also observed. The determined space group Imma has the same point group but a different lattice from Pmma observed for TBABÁ 38H 2 O. 11 The symmetry of the Imma structure is lower because of the doubling of the unit cell size in the direction of the b-axis compared to the pure Pmma hydrate. This lattice change evidently arises from the asymmetrical distributions of the incorporated CO 2 molecules in the dodecahedral (D) cages of the Imma hydrate and is not related to structural changes in the TBAB and water framework upon CO 2 encapsulation. The CO 2 molecules occupy the two symmetry-distinct dodecahedral-cages as shown in Fig. 1 (and Fig. S1 of the ESI †), and include the highly distorted cages D A and more regular dodecahedral cages D B . The chemical formula of the empty host framework can be written as TBABÁ38H 2 OÁD A Á2D B .
In the crystal structure, the fraction of D A cages occupied by CO 2 is almost twice that of the D B cages, i.e., 0.867 and 0.490, respectively. As shown in Fig. 1 in close proximity, and also to the fact that previous chemical shift data were reported for stationary samples thus offering lower accuracy because of the broad powder patterns. The assignment of the low intensity signal at 125.40 ppm is less certain, and could arise from a different ionic clathrate phase formed under the non-equilibrium sample preparation conditions of the powder NMR sample. This is verified by powder X-ray diffraction (PXRD) measurements of the TBAB + CO 2 phases formed under conditions similar to the preparation of the NMR samples. The PXRD patterns given in the ESI † show that the sample contained both orthorhombic and tetragonal phases, and thus the two main signals for CO 2 (natural abundance) appearing at 124.85 and 125.06 ppm of the 13 C NMR spectrum shown in Fig. S5 (ESI †) should originate from the orthorhombic phase and the additional small peak at 125.30 ppm from a small fraction of the tetragonal phase, respectively.
Guest dynamics were also studied using the MD simulation methodology with details outlined in the ESI. † The The dynamics of the CO 2 guest motion were also studied using the orientation autocorrelation function (OACF) around the molecular axis. If f(t) is the rotation angle of the unit vector along the direction of the CO 2 molecular axis at time t, l(t), with respect to the vector orientation at time 0, l(0), the OACF defined as the ensemble average of the first moment of the Legendre polynomial for the rotation angle, hP 1 (t)i, is presented as,
where the brackets hi indicate and ensemble the average over all CO 2 molecules in the separate D A or D B cages. The behaviors of hP 1 (t)i for CO 2 guests in the two cages are given in Fig. 3 . The D A cages are smaller and the orientation correlations for CO 2 guests in these cages decay more slowly at all temperatures. The simulations show that the lattice vibrations of tetra-nbutylammonium and bromide groups about their equilibrium positions are small and they are kept in place by electrostatic and van der Waals interactions with the neighboring water molecules. This is particularly interesting with regard to the Br À lattice vibrations as this ion may seem to be relatively free to move in the ionic hydrate lattice. The lattice site of injection of the Br À anion can be the site of Bjerrum L-defects 12 in the neighboring water molecule lattice. In the simulation, water molecules show relatively slow rotational dynamics in the lattice. This is consistent with experiments since the 13 C NMR powder patterns are broad and look distributed at around 200 K, much the same as for the large cage in the sI hydrate at this temperature. The water dynamics in the double hydrate of tetrahydrofuran + CO 2 are much faster at temperatures around 200 K. 10 The presence of CO 2 guests lowered the symmetry of the original TBAB hydrate structure formed without small guest molecules. The CO 2 gas storage capacities in the two types of D cages in the structure differ significantly because of the size and shape differences of the cages. This demonstrates that the shape of the guest molecules is a secondary factor for determining the gas storage capacity of the ionic clathrates in addition to the primary factor of molecular size. From a practical point of view, our experiments show that upon exposure to relatively mild CO 2 pressures and controlled temperature/ composition conditions, it is possible to selectively drive the formation of the ionic clathrate hydrate towards the orthorhombic TBABÁ38H 2 OÁnCO 2 phase which is the most effective one for carbon capture. We note that the large difference in gas-holding capacity of the D A and D B small cage types in the hydrate is of key importance in developing satisfactory models that will account for a variety.
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